Abstract
Introduction
There is large evidence in the literature that the baseline New Keynesian Phillips Curve model with the labor share proxying real marginal cost as a driving variable of inflation can explain inflation dynamics in many large industrial economies reasonably well; see Gali and Gertler [6] and Sbordone [15] for the US, and Gali, Gertler and Lopez-Salido [7] , McAdam and Willman [12] for the Euro Area and Balakrishnan and Lopez-Salido [1] for the UK.
However, a number of studies have also shown that the baseline model is not always appropriate in tracking inflation dynamics in particular for open economies, see Balakrishnan and Lopez-Salido [1] for the UK, Bardsen et al. [2] for European countries, Freystätter [5] for Finland, and Sondergaard [17] for Germany, France and Spain. Reduced form estimates for the marginal cost term in the baseline model are often found to be insignificant in these studies.
In this paper the baseline model is extended in order to account for open economy effects as well as effects of intermediate goods in the production technology of the firm. Real marginal cost as a driving variable for inflation is decomposed into the relative prices of 3 different factors of production: real unit labor costs and the prices of imported and domestically produced intermediate goods. The formulation of our general model including imported as well as domestically produced intermediate inputs in production nests existing closed and open economy models of the hybrid NKPC.
The model is then estimated for the closed economy case, the case with only imported intermediate inputs and in the general formulation with imported and domestically produced intermediate inputs in different specifications for 9 euro area countries and the euro area aggregate with data from 1970 to 2003 Q2 (for some countries shorter or longer time series are available). We find that the degree of structural price rigidity as measured by the Calvo probability of changing a price is systematically higher for the closed economy case than in the open economy case with only imported intermediate inputs in production. This could be explained by the fact that when firms face more variable input costs as they import from volatile international markets they tend to adjust their prices more frequently. When comparing the the open economy case with only imported intermediate inputs and the most general specification with imported and domestically produced intermediate inputs structural price rigidity is found to be systematically higher in the latter case. This could be due to substitution of imported by domestic intermediate goods when the relative price of the former increases, thus mitigating the need for the firm to adjust prices. This paper is structured as follows. Section 2 introduces the theoretical model with monopolistically competitive firms employing three different input factors in the production of their output which is then used by consumers as final demand and by other firms as intermediate input. The open economy hybrid NKPC is derived from the profit maximization problem of the firm under the Calvo pricing assumption. The model is then applied to the data of 9 euro area countries and the euro area aggregate. Issues on the empirical implementation of the model, in particular the different specifications for which the model is estimated, are discussed and the results of the estimations are presented and interpreted in section 3. Finally, section 4 concludes the paper.
The Model
The open economy New Keynesian Phillips Curve is derived form an open economy model in which international trade takes place at two levels of production. Monopolistically competitive firms sell their products to consumers at home and abroad as well as to domestic and foreign firms for their use as intermediate input. So, the representative firm's output is used partly for domestic and foreign final demand and partly as intermediate input in the production of domestic and foreign firms. The production technology of a firm includes domestic labor, foreign and domestically produced intermediate goods as factors of production such that the relative prices of these factors affect marginal costs of production. The firm's price setting behavior is derived from the maximization of future discounted profits assuming Calvo [4] type pricing, i.e. firms are allowed to reset their price after a random interval of time. In addition, we assume that within the group of Calvo price setters some follow a rule of thumb updating their prices with past inflation while the rest sets its price optimally which gives rise to a hybrid open economy NKPC. The model is based on the line of research started by Gali and Gertler [6] and Gali, Gertler and Lopez-Salido [7] 
Product Demand
In our open economy model consumers derive their utility from a consumption bundle including domestic and foreign consumption goods:
where also p
1−ε are the price indices associated with domestic and foreign production (in domestic currency), e t being the nominal exchange rate (where foreign variables are denoted with an asterisk).
In addition to domestic and foreign consumers, the product of each individual firm is also demanded by domestic and foreign producers as intermediate input in their production. So, the output of each firm is partly used for final consumption and partly as intermediate inputs by other firms. Accordingly, the bundles of domestically produced goods used in domestic and foreign production as intermediate inputs are defined by m
where the degree of substitutability between intermediate goods is assumed to be the same as between consumption goods.
Given that domestic and foreign consumers and domestic and foreign producers all demand the product of each individual firm and allocate their demands for consumption and intermediate goods across countries and products with the same pattern, the global demand for the output of firm z is given by
The demand for the firm's product depends on the price charged by the firm relative to the other domestically produced goods and the total demand of domestic and foreign consumers as well as producers allocated to domestic goods.
Production Technology
Each individual firm produces its output employing labor and domestic as well as foreign intermediate goods as variable factors of production and a fixed amount of capital
where N t (z), m d t (z) and m f t (z) are domestic labor, domestically produced and imported intermediate inputs used in production by firm z and α N , α d and α f are the weights of these factors in the production function. The inputs enter the production function as imperfect substitutes where ρ is the constant elasticity of substitution between them and 1 − 1 φ represents the weight of capital in production.
To derive marginal costs from this production function we note that the variable factors of production when combined with fixed capital display decreasing marginal returns which induces an increasing marginal cost function and thus a dependence of marginal costs on firm specific output. Firm specific real marginal costs of firm z can then shown to be
Price Setting
Firms set their prices by maximizing real variable profits facing the constraints implied by Calvo contracts in that they can only change their prices after a random interval of time. Specifically, firms are allowed to change their price with a fixed probability 1 − θ in a given period while they keep their price constant with probability θ. Thus, when deriving the profit maximizing price firms take into account that the price may be in effect for a long period of time and therefore discount future profits with the probability θ.
The optimization problem of the firm in period t can then be written as
where Π t (z) denotes variable profit of the firm, x t is the newly set optimal price, y t+s summarizes total demand for domestic goods (c t+s ) from the demand function 3, M C t is the part of real marginal cost that is not firm specific 3 and r t is the stochastic discount rate. Since under the Calvo pricing assumption only a fraction of firms are allowed to reset their price every period, the index of output prices can be shown -by making use of the Law of Large Numbers -to be a weighted average of prices reset in period t and the previous period's price index
where p r t is the reset price in period t. In addition to pure Calvo pricing we also assume that within the group of firms who are allowed to reset its price in a given period a fraction of firms do not set their prices based on the optimization but instead follow a simple rule of thumb. This deviation from optimality by part of the firms is common in the literature and can be rationalized by costs of price adjustment (not modeled here) which become 3 M C t (z) can be shown to equal φy t (z) φ−1 M C t where M C t is a function of the prices of the factors of production and the parameters in the production function that are common to all firms.
severe especially for firms which receive the random signal of price adjustment within short intervals. With the fraction ω of firms who use the rule of thumb the average reset price in period t is given by
where p b t is the price set according to the rule of thumb which is assumed to be the average reset price of the previous period updated with last period's inflation rate
The assumption of part of the firms following a backward-looking rule of thumb gives rise to the hybrid formulation of the New Keynesian Phillips Curve which has been introduced by Gali and Gertler [6] and widely used in the literature since then.
Maximizing the firm's real profits given in 6 with respect to x t and applying the Calvo pricing assumptions just outlined and after log-linearizing the system around its steady state gives rise to an open economy hybrid New Keynesian Phillips Curve In order to transform the open economy NKPC in 10 into a form appropriate for estimation we first note that the marginal cost term that is not firms specific can be decomposed in terms of the prices of all factors of production, namely wages and domestic and foreign intermediate input prices (in log-linearized form)
Plugging this expression into 10 and applying some further substitutions 
The Data
The open economy New Keynesian Phillips Curve is estimated for 9 euro area countries and the euro area aggregate. For Luxembourg, Ireland and Portugal the NKPC could not be estimated either due to the lack of appropriate data or too short time series. The data for the estimation of the country NKPCs have been obtained from two sources, the database of macroeconomic time series of the Inflation Persistence Network available on the IPN website and from the New Chronos database provided by Eurostat. The data for real and nominal GDP, the GDP deflator, compensation to employees, employment, real and nominal imports and the import deflator have been 
Empirical Specification
We estimate the structural parameters of the model outlined in the previous section employing a single equation approach. Equation 10 including 12 is estimated employing the generalized method of moments (GMM) estimator proposed by Hansen [10] which has been widely used in solving the orthogonality conditions implied by forward-looking rational expectations models -as in our model, see Verbeek [19] . The structural parameters which are estimated in our empirical specifications include θ, the probability that a firm keeps a fixed price in a given period, β, the steady-state discount factor of firms, ω, the fraction of firms following the rule of thumb and ρ, the elasticity of substitution between labor, domestic and imported intermediate inputs in production. However, the elasticity of demand of the firm's product, ε, cannot be estimated econometrically, as it does not appear in the estimation equation, but has to be calibrated in order to derive an empirical value for the the elasticity of substitution between capital and the variable factors of production, φ. In calibrating ε we follow the literature (see Gali et al. [7] , Leith and Malley [11] ) and adopt a value of 11 as a baseline implying a steady-state markup of prices over marginal costs µ = In the model the price set by a firm is its output price. The output is then used for final consumption demand and intermediate inputs of other forms at home or abroad. Empirically, the appropriate index that measures aggregate output prices is the output deflator. However, output deflators are not available from current accounts statistics for the euro area countries. Another candidate as the empirical counterpart of aggregate output prices is the producer price index (PPI). There are, however, two considerations that limit the use of the producer price index for our estimations: First, also the producer price index for many euro area countries is available only for too short time periods (e.g. for Austria only since 2000) and, second, it does not exactly measure output prices as defined in our model since it only measures prices at the industrial producer level but not at the final demand level. Given this and in order for our results to be comparable to other studies the value added (GDP) deflator has been chosen as the dependent variable of our empirical model. While on conceptual grounds it is clear that the value added deflator is not the appropriate index to measure output prices, empirically, given the principle of doubledeflation employed by statistical agencies in national accounts statistics, the output deflator and the value added deflator are not too different from each other if a rapid pass-through from input to output prices is assumed 5 . A rapid pass-through is not an unrealistic assumption at the annual frequency for which the output deflator is usually measured and given the fact that the output deflator and the value added deflator display the same seasonal pattern as they are converted from annual to quarterly frequency with the help of the same indicator variables (e.g. wholesale prices, producer prices, CPI components) considering the GDP deflator in our estimations at the quarterly frequency should not make any significant difference as compared to the output deflator. Moreover, given that in our model the firm charges the same price for its output regardless if it is used for final demand or intermediate inputs by other firms, the empirical price index used for the price of domestically produced intermediate goods is also the GDP deflator 6 . For each country a number of different specifications of equation 10 are estimated by GMM and displayed in the tables below. Following Gali et al. [7] two alternative specifications of the orthogonality conditions are considered. In the first specification 10 is estimated directly imposing the orthogonality conditions while in the second specification the nonlinearities are minimized by pre-multiplying the equation with ∆:
where z t is a vector of instruments. The set of instruments has been selected for each country individually based on the criteria that they should display a high correlation with the regressors and they satisfy the overidentifying restrictions of Hansen's J-test: From a matrix showing the correlations of a large number of potential instruments with all regressors the variables (and the lags) with the highest correlation have been selected as instruments. The results on the J-test of overidentifying restrictions has not been reported in the tables below because they turned out to be far from rejecting the validity of the overidentifying restrictions for any of the presented estimations (the lowest p-value was 0.4). The hatted variables are calculated as deviations from a quadratic trend in order to induce stationarity 8 . Newey-West 6 The validity of this choice has also been checked for Austrian data. It can be shown that the deflator of total intermediate inputs can be approximated by a weighted average of the GDP deflator and the import deflator with the share of imported and domestically produced intermediate goods being the weights. 7 In case of a zero inflation steady state which is assumed in this model π 8 Apart from a quadratic trend, alternative detrending methods have also been considered in the estimation of the different specifications: These include subtracting a linear trend, a cubic trend, an HP-filtered trend, and the sample mean from the series. Comparing these alternative estimations we find that the results for the cubic and the quadratic trend are very similar and that the specification with a simple deviation from mean is not sufficient to remove the trend present in most series and to induce stationarity. The results are available from the author on request.
corrected standard errors which are robust to heteroskedasticity and autocorrelation of unknown form are employed in the coefficient's significance tests. This correction is especially important when the variance of the dependent variable (inflation) changes over time, which for instance could be due to one or more regime shifts of monetary or exchange rate policy in the sample period. The number of lags considered for the computation of the coviarance matrix was based on a rule proposed by Newey-West depending on the sample length (e.g. 4 lags for a sample of 120 quarters).
Results
The estimation results are summarized in tables 1 to 10 in the appendix. All tables give the estimates of the structural parameters θ, β, ω and ρ along with the significance levels and report the expected duration of prices in months in the last column which has been derived from θ by the formula . The estimation results of the different model specifications are listed in the rows of the tables: In model M1 we estimate the specification for the closed economy without intermediate inputs in production, i.e. the standard specification of closed economy hybrid New Keynesian Phillips curve models widely used in the literature, e.g. in Gali et al. [7] and others. Model M2 includes imported intermediate goods in production but no domestically produced inputs which is the specification adopted in the previous literature on open economy NKPCs, as in Leith and Malley [11] . Model M3 is the most general formulation of the open economy NKPC as developed in this paper, as it includes domestic and imported intermediate inputs in production. Furthermore, the models with extension A are estimated according to the first specification mentioned above (equation 13) and the models with extension B are based on the second specification (equation 14) . In addition to the baseline models of each class where the elasticity of substitution between the variable factors of production, ρ, is freely estimated, a second specification is displayed where ρ is restricted to 1, implying a Cobb-Douglas production function. In the lower part of the table the estimates of the reduced form coefficients are reported for those specifications (M1, M2, M3) where the marginal cost term was significant. Specifically, the reduced form coefficients estimates along with their significance levels were obtained from the estimation of the following reduced form model (the notation follows Gali et al. [6] )
In the last row of each table the specific instrument set that was used in the estimations of the different specifications for each country is listed.
In discussing the results we want to focus on some systematic findings that emerge from the comprehensive evidence on estimations of different specifications of the hybrid NKPC for 9 euro area countries and the euro area itself. When screening the tables one striking results is the large degree of heterogeneity in the estimated structural parameters of the price setting model across euro area countries but also across specifications for each country. Concerning the estimated persistence of prices measured by both, θ and ω, we realize that persistence seems to be highest in
studies and bearing in mind all the differences concerning instruments used and the sample length we find that they are more or less in line with Gali et al. [7] and McAdam and Willman [12] for the euro area. Comparing our results for Spain to those obtained by Gali and Lopez-Salido [8] we realize a considerable difference in that our estimates for θ and ω are consistently lower and the estimates for β are consistently higher than in the other paper for both, the closed economy as well as the open economy specifications. There is, however, an important difference in the empirical implementation of the NKPC in that Gali and Lopez-Salido consider only the case of constant returns to labor in production while we assume decreasing returns to labor (and imported intermediate goods). Compared to Sondergaard [17] our results for Italy, France and Spain yield somewhat lower estimates for the persistence parameter θ in the open economy specification but a comparison of the results between the two papers is difficult as the empirical implementation of the NKPC is rather different in Sondergaard (he uses other price indices and focuses on the traded sector only). Finally, our results for Germany, France and Spain are quite similar to the results in Leith and Malley [11] who estimate an open economy NKPC (corresponding to M2 in this paper) for the G7. In particular, the ranking of the three countries with respect to price rigidity is the same in both papers with Germany showing the most rigid price setting behavior, followed by France and Spain.
Next we focus on the question if structural price rigidity as derived from our results differs for different specifications of the same country. When comparing the estimates of the "price rigidity parameter" θ between the closed economy formulation M1 and the open economy formulation M2 a systematic difference emerges of the form that price rigidity tends to be lower when imported intermediate prices are allowed to affect firm's marginal costs.
9 This is consistent with the hypothesis that firms whose input prices vary more (due e.g. to volatile raw material prices) also adjust their prices more frequently than others. Exceptions from this tendency are Spain, Greece and Austria where the coefficients are basically unaffected by the introduction of open economy effects. The comparison of coefficients across models is summarized in Table 11 which shows the difference in the estimates of θ and ω between M1 and M2 in the first row of each country panel, the %-difference in parenthesis and the t-value for a t-test of statistically significant parameter difference of non-nested models 10 . Table 11 reveals that in 70% of all comparisons of M1 and M2 (14 out of 20 total specifications, i.e. specification A and B for each country) θ is higher for M1 than for M2, the average %-difference between the two models is 15.8% but the difference is never statistically significant for these 14 cases. There is only one statistically significant difference when comparing θ between M1 and M2 for France in specification B, but the difference goes the other direction, i.e. θ M 1 − θ M 2 < 0. In general it is very hard to find significant results in Table 11 on the difference of coefficients that are bounded between 0 and 1 (most of them even vary within a much smaller range between 0.4 and 0.7 in the case of θ) but a difference of more than 10% implying a difference in price duration of 1 to 2 months can be interpreted to be at least economically significant.
Interestingly, when moving from the open economy specification M2 to the most general model M3 -with imported and domestically produced intermediate inputs -θ is systematically found be be higher than in M2, many times also higher than in the closed economy case. This could reflect substi- 9 There is a discussion in the literature which parameter of the model appropriately indicates the degree of price rigidity in the case of a hybrid NKPC. Besides the probability of a price change, price rigidity can also be associated to the share of backward looking firms, ω, as they introduce some past-dependence in the pricing process. Based on this reasoning, Benigno and Lopez-Salido [3] propose a formula that combines θ and ω to derive the average duration between price changes: D = 1 1−θ 1 1−ω . However, as this derivation is valid only under certain assumptions and in order to be comparable to other studies we report the implied duration between price changes in the conventional form D = 1 1−θ and interpret θ as the parameter indicating price rigidity. 10 The test statistic is
where σ θ M 1 and σ θ M 2 are the standard deviations of the coefficient estimates of θ M 1 and θ M 2 . This test statistic is t-distributed with (n 1 + n 2 −k 1 −k 2 ) degrees of freedom where n 1 and n 2 are the number of observation underlying the estimation of M1 and M2, respectively, and k 1 and k 2 are the number of coefficients to be estimated in M1 and M2.
tution of imported intermediate goods by domestic intermediate goods when
the relative price of the former increases, thus mitigating the need to adjust prices for the firm. Table 11 reveals that in all but one cases (95%) θ increases from M2 to M3 and for 5 out of 10 countries even significantly. The average %-difference between θ in M2 and M3 over all specifications is 24.7%. In 75% of the cases price rigidity as measured by θ in M3 is also higher than in the closed economy specification M1, for 3 countries even significantly. A similar pattern as has been described for θ can also be found for the parameter indicating the importance of backward-looking price setting ω: It is found to be lower in the open economy specification than in the closed economy and the general specification M3, however the pattern is somewhat less systematic (in 65% of all comparisons between M2 and M3 ω is higher in M3). Contrary to the findings of Leith and Malley [11] , these two parameters seem to be positively correlated across models in our analysis.
The estimates of the discount rate of firm's future profits, β, are found to be in a reasonable range between 0.9 and 1, in some cases even larger than 1 but never significantly larger than 1. Compared to related studies, e.g. Leith and Malley [11] and Gali et al. [7] , our estimates of β are much closer to 1 which is also theoretically more plausible given that it reflects the quarterly subjective discount rate of future profits. Furthermore, the estimates of β are not systematically affected by the specification of the model.
The elasticity of substitution between the variable factors of production ρ can only be estimated imprecisely, as it is found to be significant only in very few cases. This implies that -with exception of these few cases, e.g. M2B in France and M3B in Greece -assuming a Cobb-Douglas production function, i.e. ρ = 1, would fit the data equally well.
When trying to assess which model (M1, M2 or M3) is most appropriate to characterize the inflation process in the euro area countries we turn to the performance of the model estimated in its reduced form. The reason is that when the reduced form coefficient on the marginal cost term λ cannot be estimated significantly we have an identification problem of the structural parameters of the model which then become unreliable (see Guay and Pelgrin [9] ). Thus, the structural parameters of the model given in the tables are only conditional on a well specified reduced form. Comparing the reduced form coefficients on the marginal cost term we note that the general model M3 with imported and domestically produced intermediate inputs in production and the model M2 with only imported intermediate goods in production are found to be more appropriate to track the inflation process in all euro area countries than M1 as λ was never found to be significant for M1 11 (remember that the reduced form specification is only reported in the tables for those models where λ is significant). Thus, we conclude that open economy aspects matter for the performance and the fit of the NKPC. It has to be noted also that for many countries differences in coefficients estimates between specifications A and B are more pronounced than differences between the model types M1, M2, M3 which indicates that the way of normalization is important for the results. This fact is also the reason why in Table 11 only models within a specification either A or B are compared and not across specifications.
Some sensitivity analysis with the calibrated parameters of the model has shown that assuming a higher steady state markup µ increases the estimate of the persistence parameter θ consistently across models and specifications 12 . The estimates of the average duration of prices implied from θ which in our analysis vary between 6 and 12 months for most specifications are found to be consistently lower than suggested by the evidence in the studies on the micro consumer price data in the IPN where the average duration comes out at about one year for most countries. As our estimates are derived from aggregate data as opposed to micro data in the other studies, aggregation -besides the fact that different price indices are considered -could explain part of the difference.
Conclusions
In this paper an open economy hybrid New Keynesian Phillips Curve is estimated for 9 euro are countries and the euro area aggregate. The model is estimated in three different variants (specifications): in the closed economy specification with only the labor share as the driving variable of inflation, in the open economy specification with imported intermediate goods in production, and in the more general open economy specification which additionally includes also domestically produced intermediate inputs in production. From these estimations we find that the degree of structural price rigidity as measured by the Calvo probability of changing a price is systematically higher for the closed economy case than in the open economy case with only imported intermediate inputs in production. A reason for this could be that when firms face more variable input costs as they import from volatile international markets they tend to adjust their prices more frequently. This is in contrast to the existing literature on the open economy NKPC, see e.g. Leith and Malley [11] on the G7 countries and Gali and Lopez-Salido [8] on Spain, who found that the structural parameters of the model were largely unaffected by the introduction of open economy factors. However, these papers estimated the open economy NKPC for relatively large and closed economies for which our results are also less clear cut than for the whole set of countries.
When comparing the the open economy case with only imported intermediate inputs and the most general specification with imported and domestically produced intermediate inputs structural price rigidity is found to be systematically higher in the latter case. This could be due to substitution of imported by domestic intermediate goods when the relative price of the former increases, thus mitigating the need for the firm to adjust prices. The general open economy model was also found to be the most appropriate specification to characterize the inflation process in most euro area countries as it could fit the data best in the reduced form estimation of the model.
The main contribution of this paper is to deliver a comprehensive evidence on the empirical performance of the open economy NKPC in different variants and specifications. In that, however, it can only be a starting point as more refined models would have to be developed to incorporate some stylized facts of price setting in open economies, like pricing-to-market, exchange rate dynamics, current account issues, etc. A further extension would also be to apply the open economy NKPC to alternative estimation techniques like maximum likelihood, the three-step GMM (3S-GMM) or the continuously updated GMM (CUE) estimators (as has been done in Guay and Pelgrin [9] for the US). 
A Appendix
where σ θ M 1 and σ θ M 2 are the standard deviations of the coefficient estimates of θ M 1 and θ M 2 . This test statistic is t-distributed with (n 1 + n 2 − k 1 − k 2 ) degrees of freedom where n 1 and n 2 are the number of observation underlying the estimation of M1 and M2, respectively, and k 1 and k 2 are the number of coefficients to be estimated in M1 and M2. The stars attached to the t-values show the significance levels, where * denotes significance at the 10%, * * at the 5% and * * * at the 1% level.
